Scanning probe microscopes (SPMs) have some capability to image sub-surface structure, including the details of buried interfaces. This paper describes the theoretical and practical basis for obtaining information about shallow buried interfaces, subsurface compositional variations, and electrical potential variations with SPMs. Three techniques are discussed: scanning microwave microscopy (SMM) to image the capacitance of buried metal lines, scanning Kelvin force microscopy (SKFM) to image the potential of buried metal lines, and electric force microscopy (EFM) phase imaging to see buried interface surface roughness. COMSOL simulations of the SMM resonator response to small variations in tip-sample capacitance, explaining the contrast reversal phenomena, are described. SKFM and EFM images of NIST designed potential variation test structures show the potential of each technique for buried interface characterization.
Introduction
Buried interfaces in electronics determine device properties. Characterization and control of these interfaces is the key to reliably manufacturing devices with high performance. Mastery of the Si-SiO 2 interface was an essential development that enabled the silicon CMOS revolution. A variety of electrical and optical techniques exist to characterize these interfaces. Electrical characterization usually involves fabrication of a metal-insulator-semiconductor (MIS) capacitor and mechanical probing to make electrical contact. Non-destructive electrical techniques that can be employed on source materials or partially processed devices would be extremely useful. We see an opportunity for new or extended scanning probe microscope (SPM) based techniques for characterizing the through silicon vias (TSVs) and interposers for three-dimensional integrated circuits (3D-ICs); fault detection in back end of the line (BEOL) multi-level metallization processes, and for the characterization of 2D materials, stacked 2D materials, and other nanostructured materials [1] .
Electrical scanned probe microscopes (eSPMs) are a class of SPMs that measure some electrical aspect of the tip-sample interaction (resistance, capacitance, inductance, complex impedance, potential, or current). Commonly these are referred to as scanning spreading resistance microscopy (SSRM), scanning capacitance microscopy (SCM), scanning microwave microscopy (SMM), electrostatic force microscopy (EFM) and scanning Kelvin force microscopy (SKFM), and tunneling atomic force microscopy (TUNA). For a review of many of these techniques see [2] . SCM, SMM, and SKFM all couple to the sample through electric fields. The signal measured by these microscopes depends on the electrical field between all the unshielded parts of the probe (tip, shank, and cantilever) and all the electrically active parts of the sample, both on the surface and subsurface. Since these eSPMs gather information from such a wide volume, it is possible to isolate electrical information from buried interfaces using proper data acquisition techniques.
We have been systemically developing the metrology techniques to make eSPMs practical and quantitative techniques to non-destructively interrogate buried interfaces in semiconductors and other structures found in integrated circuits. An important set of tools for understanding the operation and limitations of eSPMs have been well-defined test structures. We have built dopant gradient test structures, transistor like test structures, and most recently an electro-magnetic field test chip [3] . Precise and accurate models of the electrical behavior of these test structures are required for comparison to the eSPM measured electrical behavior. We have employed the COMSOL 1 Multi-Physics simulation software to develop models of the SKFM, EFM, and the resonant behavior of the SMM [1] . It is through comparison of models and measurements on well-known structures that an understanding of eSPM behavior and techniques to extract quantitative electrical properties from images can be developed. An important parameter in both model and measurement is the actual electrical shape of the measurement electrode consisting of the tip-shank-cantilever assembly.
In this paper, we will discuss recent theoretical and experimental progress for obtaining information about shallow buried interfaces, subsurface compositional variations, and electrical potential variations with SPMs. Electrically coupled SPMs can gather information beneath the surface, but spatial resolution degrades with increasing depth. Three techniques are discussed: scanning microwave microscopy (SMM) to image the capacitance of buried metal lines, scanning Kelvin force microscopy (SKFM) to image the potential of buried metal lines, and electric force microscopy (EFM) phase imaging to see buried interface surface roughness. COMSOL simulations of the SMM resonator response to small variations in tip-sample capacitance, explaining the contrast reversal phenomena, are described. SKFM and EFM images of NIST designed potential variation test structures show the potential of each technique for buried interface characterization.
SMM imaging of embedded conductors
SMM uses a vector network analyzer to measure the reflected (S 11 ) signal amplitude and phase of a transmission line terminated by the tip-to-sample impedance. Either the impedance as a function of tip location at a fixed frequency or the impedance as a function of frequency at a fixed location is measured. With additional electronics, the capacitance and resistive components of the impedance can be determined. We have characterized the ability of the SMM to image metal lines embedded in a dielectric film [4] . Metal lines under 2 micrometers of surface oxide could be resolved with the SMM. The SMM can also serve as a platform for broad-band microwave-based metrology, which we are developing as a technique for characterizing TSVs and other integrated circuit structures [5] [6, 7] . SMM images of subsurface structure arise from changes in the terminal tip-sample impedance, that is, changes in the tip-to-ground capacitance or resistance due to structural variations in the substrate. The contrast mechanism was found to vary complexly with the data acquisition parameters and the tip-to-sample impedance, with the buried lines sometimes increasing and sometimes decreasing the image contrast compared to regions without buried metal. This is due to two competing effects: changes in the SMM resonant Q-factor (which changes the width and peak height of the resonant peak) and shifts in the resonant frequency (which changes the peak location). For a simple LCR resonator, the resonant frequency depends inversely on the square root of the LC product, Eqn. 1, while the Q factor depends on L, R, and C according to Eqn. 2, where L is the inductance, R the resistance, and C the capacitance of the system. 
The Q factor displays a peaked response at f res , increasing with frequency at less than the resonance and decreasing with frequency at greater than the resonance. Depending on which side of the resonant curve the SMM has been tuned, a change in the impedance can increase or decrease the SMM response.
To investigate the physics of the SMM response further, we conducted COMSOL MultiPhysics finite element simulations of the SMM tip-to-sample impedance and of the SMM resonator. The details of the tip-to-sample geometry plus the structure of the underlying sample largely determine the capacitive and resistive components of the impedance that terminates the SMM transmission line. The basic simulation geometry is shown in Fig. 1 . The tip is parameterized by its height and cone angle. The tip is connected directly to a co-axial resonator that is electrically shielded. The resonator geometry was chosen to produce resonant peaks (which are measured as dips in S 11 reflected response) every 2.3 GHz, the same spacing as measured in the SMM experimental response. Simulations were conducted for two cases: 1) with no metal line buried in the dielectric sample (denoted OFF) and 2) a 1-μm wide metal line buried beneath 800 nm of dielectric and centered beneath the tip (denoted ON). The simulated SMM response for these two cases is shown in Fig. 2 . At the lowest frequency resonance, the ON line response has lower loss in the reflected signal than the OFF line response and a slightly lower resonance frequency. At progressively higher resonances, this trend holds, though the difference between the ON and OFF line responses narrows. By the fifth resonance (at 11.3 GHz), the ON responses is nearly the same as the OFF response, but shifted enough in frequency that it has higher loss than the OFF response at some frequencies. If the SMM is operated at a frequency slightly less than the 11.3 GHz resonance, the ON response will show greater loss than the OFF response. However, if operated at slightly greater frequency, the ON response will show less loss then the OFF response. This simple simulation shows many of the features of the experimental data; the actual changes in the peak shape depend on the actual frequency dispersion relationship of the dielectric and the real tipsample geometry, which was not included in this simple simulation.
SKFM imaging of buried potential structures
Scanning Kelvin force microscopy (SKFM) and electrostatic force microscopy (EFM) have also proven very sensitive to changes in surface potential arising from sub-surface structure. EFM, as the name implies, is an open loop technique that is sensitive to the electrostatic force between a vibrating cantilevered tip and the sample. This may arise by a contact potential difference between two dissimilar metals, or it can be due to applied electric potential. EFM has two basic modes of operation: amplitude and phase. EFM amplitude mode records the vibrational amplitude of the cantilever, as the potential difference between the tip and sample changes, the force of attraction or repulsion between the tip and sample changes, thereby modulating the vibrational amplitude. EFM phase mode records the phase of the vibrating cantilever relative to the drive frequency. Very small changes in phase, and therefore, small differences in tip-to-sample potential, are detectable by this method. SKFM utilizes the same physical effects, but adds a feedback loop to the measurement. For SKFM, an ac voltage, near the cantilever resonance frequency, is used to electrostatically induce a vibration in the cantilever. The feedback loop, dynamically applies a dc bias between the tip and sample to null the electrostatically induced vibration. The magnitude of this applied dc bias is a measure of the contact potential difference between the tip and sample. To investigate and calibrate the resolution and accuracy of various electrical SPMs, a test chip with assorted electric field and magnetic field test structures was designed and fabricated. Details of the first version of this test chip can be found elsewhere [3] . To demonstrate SKFM's ability to image buried potential structures, we used a test structure that consisted of interdigitated lines where alternating lines could be independently biased. The lines were 3-μm wide and separated by 4-μm spaces; the lines were buried beneath 800 nm of TEOS oxide dielectric. Alternating lines were biased at +1 V and -1 V. Results of imaging this structure with SKFM are shown in Fig. 3 . Figure 3a shows the topography above the test structure; small ~5 nm variations in topography remain above the buried metal lines. The SKFM image of the structures without any applied biased is shown in. Fig. 3b . A slight change in SKFM signal is seen above the lines, this may be due to contact potential difference between the tip and sample that is largely, but not completely masked by the covering oxide. The SKFM image with the alternating lines biased at +1 V and -1 V is shown in Fig. 3c . Average line scans from all three images are shown in Fig. 3d .
The SKFM image of the biased structure shows some features that are not obvious. The detected surface potential increases or decreases over the +1 V and -1V lines, respectively. However, the surface potential does not level off over either line, or the unbiased spaces in between. This is because the tip, tip shank and cantilever average over a wide area. There is also a gradual change in detected potential from the top of the image to the bottom of the image. This is because the SKFM is detecting and averaging some of the bias from the bus bars (the +1 V bus is off the image at the top and the -1 V bus is off the image to the bottom.) Approximately ½ of the total applied voltage can be detected at the surface, about what would be expected due to resistive loss and the distance between the tip and biased lines. A little more hard to explain is the apparent off-set in the SKFM image. Instead of being centered on 0 V, there is around a 700 mV offset to both the unbiased and biased SKFM images. This is due to the contact potential of the bus bars being unevenly sampled by the SKFM. Future versions of the test chip will use buried and shielded bus bars, as well as designs where the net potential of the surface potential is zero, that is, the positive and negative biased regions will have equal areas.
EFM imaging of buried metal interfaces
EFM phase is extremely sensitive to surface potential variations or variations in tip-sample capacitance [8] . When applied to a sample consisting of a conductor covered by a dielectric, the tip-sample capacitance will depend on the dielectric thickness. A simple model of the EFM predicts that the phase should shift according to the second derivative of the tip-sample capacitance, C, with tip-sample distance, z:
Where Δφ is the EFM phase shift, Q the cantilever quality factor, K the cantilever elastic constant, f s is the electrostatic force, V the applied potential, and V CPD the tip-sample contact potential difference. The tip sample capacitance can be approximated as the capacitance between a metallic cone and a planar electrode, covered by a dielectric with a thickness of t i . In such a situation, the capacitance will vary with the natural logarithm of t i [9] , and, hence the second derivative of the capacitance will have a ~1/t i 2 dependence. This suggests that metal lines at different depths should produce different phase shifts in the EFM signal, with the change in phase slowing as the cover oxide becomes thicker. Using Eqn. 3 and typical cantilever values of K (3 N/m) and Q (300) plus estimated d 2 C/dz 2 values for a blunt cone from [9] a phase shift of ~60 o at an oxide thickness of 500 nm compared to z o is obtained.
In Fig.4 An EFM phase image of a large metal structure (in this case a NIST logo) buried beneath 800 nm oxide is shown in Figure 4 . The buried metal, though electrical floating, still substantially alters the EFM phase signal detected at the surface. Surface roughness at either the top or buried interface will result in variations of the dielectric thickness and hence the tip sample capacitance. Features from both the top surface roughness and apparently the buried metal-oxide interface topography are visible in the EFM image. Further investigate of the sensitivity of EFM phase to buried interface roughness is underway.
Conclusions
Electrical SPMs can obtain structural and electrical information about buried structures and interfaces of integrated circuits. The SMM amplitude and phase is determined by the tip-sample capacitance, allowing metal lines embedded in dielectric to be detected at various depths. COMSOL modeling is helping explain the complex behavior of the SMM amplitude and phase signals as a function of buried structure. The SKFM can measure surface potential variations due to potential variations of buried metallic structures. The potential differences of buried metallic lines can be easily resolved, though the large sampling volume of SKFM can make the data difficult to interpret. EFM phase imaging can also sensitively detect changes in tip-sample capacitance, allowing it to detect both interface roughness from both surfaces of an insulator covering a metallic structure. The ultimate sensitivity of EFM phase to buried metal structures is under investigation.
